abbreviatioNs ARE = adverse radiation effect; AVM = arteriovenous malformation; CI = confidence interval; HR = hazard ratio; PACS = picture archiving and communication system; SRS = stereotactic radiosurgery; UCSF = University of California, San Francisco; WBRT = whole-brain radiation therapy. obJect The authors sought to determine the incidence, time course, and risk factors for overall adverse radiation effect (ARE) and symptomatic ARE after stereotactic radiosurgery (SRS) for brain metastases. methods All cases of brain metastases treated from 1998 through 2009 with Gamma Knife SRS at UCSF were considered. Cases with less than 3 months of follow-up imaging, a gap of more than 8 months in imaging during the 1st year, or inadequate imaging availability were excluded. Brain scans and pathology reports were reviewed to ensure consistent scoring of dates of ARE, treatment failure, or both; in case of uncertainty, the cause of lesion worsening was scored as indeterminate. Cumulative incidence of ARE and failure were estimated with the Kaplan-Meier method with censoring at last imaging. Univariate and multivariate Cox proportional hazards analyses were performed. results Among 435 patients and 2200 brain metastases evaluable, the median patient survival time was 17.4 months and the median lesion imaging follow-up was 9.9 months. Calculated on the basis of 2200 evaluable lesions, the rates of treatment failure, ARE, concurrent failure and ARE, and lesion worsening with indeterminate cause were 9.2%, 5.4%, 1.4%, and 4.1%, respectively. Among 118 cases of ARE, approximately 60% were symptomatic and 85% occurred 3-18 months after SRS (median 7.2 months). For 99 ARE cases managed without surgery or bevacizumab, the probabilities of improvement observed on imaging were 40%, 57%, and 76% at 6, 12, and 18 months after onset of ARE. The most important risk factors for ARE included prior SRS to the same lesion (with 20% 1-year risk of symptomatic ARE vs 3%, 4%, and 8% for no prior treatment, prior whole brain radiotherapy [WBRT], or concurrent WBRT) and any of these volume parameters: target, prescription isodose, 12-Gy, or 10-Gy volume. Excluding lesions treated with repeat SRS, the 1-year probabilities of ARE were < 1%, 1%, 3%, 10%, and 14% for maximum diameter 0.3-0.6 cm, 0.7-1.0 cm, 1.1-1.5 cm, 1.6-2.0 cm, and 2.1-5.1 cm, respectively. The 1-year probabilities of symptomatic ARE leveled off at 13%-14% for brain metastases maximum diameter > 2.1 cm, target volume > 1.2 cm 3 , prescription isodose volume > 1.8 cm 3 , 12-Gy volume > 3.3 cm 3 , and 10-Gy volume > 4.3 cm 3 , excluding lesions treated with repeat SRS. On both univariate and multivariate analysis, capecitabine, but not other systemic therapy within 1 month of SRS, appeared to increase ARE risk. For the multivariate analysis considering only metastases with target volume > 1.0 cm 3 , risk factors for ARE included prior SRS, kidney primary tumor, connective tissue disorder, and capecitabine. coNclusioNs Although incidence of ARE after SRS was low overall, risk increased rapidly with size and volume, leveling off at a 1-year cumulative incidence of 13%-14%. This study describes the time course of ARE and provides risk estimates by various lesion characteristics and treatment parameters to aid in decision-making and patient counseling.
O ne of the major risks of intracranial stereotactic radiosurgery (SRS) is subsequent development of brain necrosis or adverse radiation effect (ARE). Two large retrospective series reported 4.7%-7% crude overall risk of necrosis resulting in permanent morbidity or requiring craniotomy after SRS for brain metastases. 6, 12 The term necrosis implies an irreversible process, but in some cases, there is temporary enlargement of an enhancing lesion months after SRS, with eventual shrinkage over time. At the onset of radiation injury, it cannot be known whether the changes will be reversible or irreversible. In this paper, we use the term ARE as a more generic term than necrosis, to include both reversible and irreversible radiation injury.
One of the major diagnostic dilemmas on follow-up imaging after SRS for brain metastases is distinguishing between tumor progression and ARE. 2 These entities can have similar imaging appearance, often as enlarging heterogeneously enhancing or rim-enhancing lesions, complicating treatment decision-making. Commonly, the diagnosis of ARE becomes clear over time, from pathological findings at resection or serial imaging showing shrinkage or stability of the lesion without further treatment, whereas active tumor may be demonstrated by more solid-appearing, sustained growth over multiple follow-up scans. In some cases the diagnosis remains indeterminate, particularly without resection or adequate further imaging.
With the above principles in mind, the purpose of our study was to perform a rigorous, in-depth analysis of the incidence, time course, and risk factors for both overall ARE and symptomatic ARE after SRS for brain metastases. We evaluated a large data set of patients and brain metastases at risk and evaluable for ARE (with ≥ 3 months of imaging follow-up after SRS) and carefully reviewed serial follow-up imaging to ensure consistent scoring of lesion outcomes.
methods study criteria
This retrospective review was approved by the Committee on Human Research at the University of California, San Francisco (UCSF). We excluded brain metastases treated with SRS prior to September 1998, as Gamma Knife Model-U plans were difficult to restore for reanalysis, and MRI studies from that era were generally not available on UCSF's picture archiving and communication system (PACS). Other exclusion criteria were absence of follow-up information, less than 3 months of follow-up imaging after SRS, inadequate availability of imaging for review, and a gap of more than 8 months in imaging during the 1st year after SRS (during which radiographic ARE could have appeared and resolved without detection). For brain metastases that demonstrated treatment failure and were re-treated with SRS, each treatment occurrence was included in order to study the risk of ARE at both initial SRS and after repeat SRS to a same lesion. Prior or concurrent radiation was assigned by lesion, not by patient; for example, various brain metastases in a patient managed with SRS alone initially, salvage whole brain radiotherapy (WBRT), and later salvage SRS could have "prior or concurrent radiation" coded as none, prior WBRT, or prior SRS + WBRT.
treatment technique
Patients were selected for SRS at a multidisciplinary conference, seen in consultation prior to SRS, and provided informed consent for treatment. On the day of SRS, a Leksell Coordinate Frame G was affixed by the neurosurgeon under local anesthesia. Contrast-enhanced brain MR images were obtained, targets outlined, and treatment planned using Leksell GammaPlan software (Elekta AB). Prescribed dose was chosen primarily based on treatment volume according to a continuous dose-volume curve posted in the treatment planning area, with ~ 19-20 Gy for prescription isodose volume < 1 cm , and in-between doses for in-between volumes, not taking into account prior or concurrent WBRT or prior SRS. It was also our policy to reduce prescription dose by ~ 1 Gy for a large number or large total volume of metastases treated in 1 SRS session, and to generally limit prescription dose to 16 Gy for brainstem lesions. Radiosurgical treatment was delivered using the Model B Leksell Gamma Knife from September 1998 through 2001, Model C or 4C from 2002 through October 2007, and the Perfexion Gamma Knife beginning in November 2007. Dexamethasone (10 mg) was given intravenously before treatment on the day of SRS to reduce risk of acute effects.
Follow-up
Follow-up brain MRI every 3 months was recommended, and patients who underwent imaging elsewhere were asked to send the images to the Gamma Knife Coordinator for review at our weekly SRS conference. UCSF's PACS and routine uploading of outside scans to PACS from compact disks made most institutional and outside imaging performed since the late 1990s readily available for re-review.
imaging review
All available follow-up brain scans were reviewed to ensure consistency. Enlargement of the contrast-enhancing lesion on serial T1-weighted post-gadolinium MRI scans was used to assess for ARE and/or local treatment failure as defined below, scored on the first date of brain imaging showing ≥ 2 mm increase in lesion diameter or ≥ 25% increase in the product of 3 orthogonal diameters divided by 2 for irregular lesions ≥ 2 cm in maximum diameter. Extent of surrounding T2 signal change was not quantitated or used in assessing for ARE or failure, and leukoencephalopathy was not assessed in this study.
scoring of are versus local Failure
In the event of lesion enlargement as defined above, ARE was scored if later surgical intervention confirmed necrosis only, or, in the absence of surgery, if serial imaging showed improvement or stability in the size of the enhancing lesion over time (example shown in Fig. 1 ). Local failure was scored if later surgical intervention confirmed the presence of tumor cells or, in the absence of surgery, if multiple follow-up scans showed sustained growth of the enhancing lesion. If pathological examination showed both necrosis and tumor, both ARE and failure were scored. Unclear cases were scored as indeterminate, predominantly owing to inadequate further imaging after lesion worsening was first noted. For this study, other techniques such as magnetic resonance spectroscopy, positron emission tomography, and dynamic susceptibility-weighted perfusion MRI were not used in distinguishing between failure and ARE because they were not consistently obtained and their accuracy is uncertain.
medical record review
In the event of surgical intervention after SRS, operative and pathology reports were reviewed. Medical records were also reviewed retrospectively to abstract additional data: history of hypertension, diabetes, or connective tissue disorder, and systemic therapy given within 1 month before or after SRS. An accounting of all systemic therapy given more than 1 month before or after SRS was deemed infeasible. Details of duration and dosing of steroid therapy for ARE were not generally available.
dose and volume recalculation
All Gamma Knife plans were restored to recalculate dose parameters using the GammaPlan TMR10 dose calculation algorithm and a fine-calculation dose matrix just large enough to encompass the volume receiving half of the prescription dose. Dose distributions included the dose contribution from all lesions treated in the same SRS session, without adding in any dose contribution from prior WBRT or prior SRS. To account for prior WBRT or SRS, there was an analysis of ARE probability by prior or concurrent radiation (none, prior WBRT, concurrent WBRT, or prior SRS to a same lesion). The 12-and 10-Gy volumes and half-of-prescription-dose volumes were considered to be inevaluable if any of these volumes coalesced with those of nearby lesions. Similarly, the prescription isodose volume was inevaluable if it had any confluence with that of any nearby lesion.
Definitions of ARE Categories
"ARE" was defined as ARE without failure or ARE occurring more than 6 months before failure, including both symptomatic and asymptomatic cases and including both reversible and irreversible cases.
"ARE ± failure" was defined as ARE alone, before, or concurrent with failure, excluding the indeterminate cases.
"Worst-case ARE" included the indeterminate cases along with ARE alone, before, or concurrent with failure.
ARE was considered reversible if serial imaging showed shrinkage of the size of the enhancing lesion over time and irreversible if there was no shrinkage over time. Reversibility of ARE imaging changes was time dependent; longer follow-up gave more opportunity for ARE improvement to be observed on imaging. The probability of ARE imaging improvement versus time was calculated by the Kaplan-Meier method for ARE cases not managed surgically or with bevacizumab.
analysis by lesion
Cumulative incidence of ARE and freedom from progression by lesion from the date of SRS were estimated with the Kaplan-Meier method with censoring at last follow-up imaging. For continuous variables such as target volume, 12-Gy volume, and 10-Gy volume, cumulative incidence of ARE was graphed by decile, and then deciles with overlapping curves were combined into fewer risk strata. Similarly, cumulative incidence of ARE was graphed by maximum lesion diameter in 0.5-cm increments, and ranges with overlapping curves were combined into fewer risk strata. A cutoff of 0.6 cm was used for the smallest-diameter subset to include small targets outlined on MRI scans with 3-mm slice thickness.
analysis by patient
Risk factors for ARE by patient were assessed using univariate and multivariate Cox proportional hazards analyses. To account for the repeated observations per patient, we randomly sampled 1 observation per patient and built a univariate Cox proportional hazards model with ARE as the event of interest. This random sampling was repeated 1000 times and the coefficients were averaged. The 95% confidence intervals (CIs) for the hazard ratios (HRs) were formed assuming a normal approximation. Once the list of variables significant on univariate analysis was established (with HR 95% CI excluding 1), multivariate models were built via backward model selection. For each model, resampling was repeated 1000 times and variables were removed from the model based on 95% CIs.
results
A total of 899 patients with 4483 brain metastases were treated in one or more Gamma Knife SRS sessions from September 1998 through December 2009. Of these, 435 patients and 2200 brain metastases treated in 600 sessions were evaluable. Excluded were 248 patients with less than 3 months of follow-up imaging, 170 with no follow-up information, 16 with a gap of more than 8 months in imaging during the 1st year, and 30 with inadequate availability of imaging for review.
Patient characteristics for the evaluable cases are provided in Table 1 . The most common primary cancers were lung cancer (175 patients), breast cancer (135), and melanoma (63). The median survival time from the first or only SRS session with brain metastases evaluable for ARE was 17.4 months, compared with 9.8 months among all 899 patients. Fifty-four of the 435 patients were alive at last follow-up, at a median of 57.3 months (range 3.1-168.1 months). The majority of patients (323 [74%]) had only 1 SRS session (with treatment of a total of 1119 brain metastases); another 79 patients (18%) had a total of 648 brain metastases treated over 2 sessions, with the remaining 33 patients (8%) having up to 6 SRS sessions.
The 435 patients underwent a total of 2886 brain imaging follow-up studies, of which 2812 (97%) were MRI studies and 2541 (88%) were re-reviewed on PACS for the current study; 345 other scans were considered evaluable because detailed lesion measurements had been recorded at the time of SRS conference review or detailed reports were available and there was no concern for tumor progression or ARE. By patient, a median of 4 and mean of 6.6 follow-up brain imaging studies were reviewed, and the duration of imaging follow-up ranged from 3.0 to 155.2 months (median 11.1 months, mean 19.9 months). The median and mean imaging follow-up by lesion was 9.9 and 17.8 months.
Lesion characteristics and treatment parameters are shown in Table 2 . The median value for prescribed dose was 19 Gy, maximum target diameter 0.9 cm, target volume 0.189 cm and 0.74 for brain metastases 0.3-0.6 cm, 0.7-1.0 cm, 1.1-1.5 cm, 1.6-2.0 cm, and 2.1-5.1 cm, respectively. Forty brain metastases were treated in patients with connective tissue disorders, including Sjögren's disease (16), lupus and rheumatoid arthritis (9), lupus alone (8), rheumatoid arthritis (4), ankylosing spondylitis (2), and scleroderma (1). Brain metastasis outcomes with median treatment parameter values are shown in Table 4 . Of all 2200 metastases, 1759 (80.0%) had neither failure nor ARE, 203 (9.2%) had failure, 118 (5.4%) had ARE, 30 (1.4%) had concurrent failure and ARE, and 90 (4.1%) had indeterminate cause of lesion worsening. Resection confirmed all 30 cases of concurrent failure and ARE, 26 cases of failure, 14 cases of ARE only, and 5 cases of ARE more than 6 months before failure.
Of the 118 brain metastases developing ARE, 45 (38%) were asymptomatic, 61 (52%) symptomatic, and 12 (10%) unknown. Excluding the unknowns, 90% of ARE cases were symptomatic for brain metastases over 1.5 cm in maximum diameter at the time of SRS. Seventy-five percent of symptomatic lesions were 1.5 cm or larger and 75% of asymptomatic lesions were less than 1.5 cm in maximum diameter at the time of SRS. We assumed that among the 12 lesions with unknown symptomatology, 2 brain metastases 1.1 cm or less would have been asymptomatic and 10 that were 1.5 cm or larger would have been symptomatic. Table 5 summarizes 1-year cumulative risk of symptomatic ARE, overall ARE, ARE ± failure, and worst-case ARE by various parameters. For all 2200 brain metastases, the 1-year cumulative incidence of symptomatic ARE and overall ARE was 4% and 7%, respectively. The greatest risk factor for ARE appeared to be prior SRS to the same lesion, resulting in 20% and 37% 1-year cumulative incidence of symptomatic ARE and overall ARE (Fig.  2) , respectively. For other parameters reported in Table 5 , brain metastases with prior SRS were excluded to eliminate the excess risk seen after repeat SRS. As expected, there was higher risk of ARE with larger lesion diameter (Fig. 3) , target volume, prescription isodose volume, 12-Gy volume, and 10-Gy volume. However, the 1-year probabilities of symptomatic ARE leveled off at 13%-14% for brain metastasis maximum diameter > 2.1 cm, target volume > 1.2 cm . There appeared to be higher risk of ARE for brain metastases from kidney cancer, with 1-year cumulative ARE incidence of 15%, versus 2% for breast, 5% for melanoma, and 6% for lung primaries (Fig. 4) .
The median time to development of ARE was 7.2 months (range 1.4-38.6 months), with 85% of cases occurring 3-18 months after SRS (Fig. 5) . Of the 118 cases of ARE, 17 (14%) were treated with resection, showing necrosis only; 2 were treated with bevacizumab; 40 (34%) were stable (i.e., irreversible) at a median of 7.5 months of additional follow-up after onset of ARE; and 59 (50%) were reversible, with improved imaging appearance at a median of 5.1 months after onset of ARE (range 1.0-20.3 months). All of the cases of irreversible ARE were diagnosed based on imaging. A course of steroids was given in symptomatic patients, and asymptomatic patients were observed. Among the 99 cases of ARE managed conservatively, the probabilities of imaging improvement at 6, 12, and 18 months after onset of ARE were 40%, 57%, and 76%, respectively (Fig. 6) . One patient treated with bevacizumab more than 6 months after onset of ARE had temporary shrinkage of an irregular rim-enhancing lesion and surrounding edema, but the lesion worsened rapidly after discontinuation of bevacizumab. Imaging showed a very different-appearing, solid, enhancing tumor. The patient underwent salvage resective surgery and brachytherapy, and pathological examination of the surgical specimen confirmed active tumor. In the other patient treated with bevacizumab, ARE improved with 10 weeks of bevacizumab, and brain imaging findings were stable for 1 year, then worsened; surgery at that point showed both tumor and necrosis.
Only 1 patient with scleroderma had SRS; 19 Gy was administered to a single 0.7 × 0.6 × 1.1-cm parietal brain metastasis from lung cancer, with carboplatin, gemcitabine, and vinorelbine administered within 1 week of SRS. The metastasis subsequent demonstrated a complete response, with no ARE or failure as of the last follow-up evaluation 7.8 years later. Table 6 shows the results of univariate and multivariate analyses by patient among 435 patients with 2200 brain metastases and for the subset of 308 patients with 507 brain metastases with target volume > 1.0 cm 3 (corresponding to a maximum diameter of 1.3-5.1 cm, median 2.1 cm), to give insight into ARE risk factors for larger lesions. On univariate analysis of all patients, the greatest risk factors for ARE included prior SRS (HR 5.051, 95% CI 1.935-13.18) and larger target, prescription isodose, and 12-and 10-Gy volumes. Among systemic therapies evaluated, only capecitabine/fluorouracil was associated with increased risk of ARE; 69 of the 72 brain metastases in this category were exposed to capecitabine within 1 month of SRS as opposed to fluorouracil, and the 5 cases of ARE in this subset occurred in 4 breast cancer patients and 1 kidney cancer patient treated with capecitabine. Other systemic therapies were not associated with significantly increased risk of ARE; neither were history of hypertension, diabetes, or connective tissue disorder. Univariate analysis of data pertaining to 308 patients and 507 brain metastases with target volume > 1.0 cm 3 showed that only prior SRS, kidney primary, capecitabine, and inhibitor therapy were significantly associated with higher ARE risk.
In multivariate analyses including all patients, each of the volume parameters was significantly associated with ARE; only 1 volume parameter at a time was considered, as target, prescription, 12-Gy, and 10-Gy volumes were highly correlated with each other. The other significant risk factors for ARE included prior SRS and capecitabine/ fluorouracil (Table 6 ). In the multivariate analysis considering only metastases with target volume > 1.0 cm 3 , risk factors for ARE included prior SRS, kidney primary, connective tissue disorder, and capecitabine/fluorouracil (Table 6) .
discussion
It has long been recognized that the risk of complications after single-fraction SRS increases with treated volume. In 1979, Kjellberg presented his pioneering dosevolume analysis of complication risk after proton SRS for arteriovenous malformations (AVMs), 7 later reanalyzed by Barker et al., resulting in much higher risk estimates. 1 In 1991, Flickinger et al. published dose-volume isoeffect curves predicting a 3% risk of brain necrosis from Gamma Knife SRS based on modeling that necessarily required many assumptions, along with a statement that future clinical experience in a large number of patients would be needed to test their models. 5 The final report of Radia- 13 Much clinical experience has been gained since then to allow more in-depth study of ARE incidence, time course, and risk factors.
We chose to evaluate ARE in patients with brain metastases, and rather than consider only symptomatic cases of ARE, we chose to also score overall ARE, including both symptomatic and asymptomatic cases; results are presented both ways in Table 5 . Whether imaging-apparent ARE is symptomatic is likely to be influenced by subtleties of lesion location that are recognizable to clinicians but not easily quantifiable, in addition to the size of the area of injury and extent of edema. Furthermore, it is important to be aware of imaging-apparent ARE from a diagnosticdilemma point of view; ARE may be mistaken for tumor progression, resulting in unnecessary salvage treatment with its associated risks, and tumor progression may be mistaken for ARE, resulting in delay in or missed opportunity for appropriate salvage treatment. Similarly, we chose not to focus our analyses on cases of ARE that were managed with surgery because resection may not be appropriate in many patients with significant symptoms, due to considerations such as lesion location and multiplicity, ongoing systemic therapy for cancer, performance status, * Refer to Methods for category definitions. † For ARE cases with unknown symptomatology, 10 were assumed to be symptomatic and 2 asymptomatic based on lesion size ≥ 1.5 cm versus ≤ 1.1 cm. ‡ Excluding cases of prior SRS with or without RT to the same lesion. § Excluding cases for which the prescription isodose contour had any confluence with that of any nearby lesion(s). ¶ Excluding cases for which the 10-Gy or half-of-prescription-dose contour had any confluence with that of any nearby lesion(s). and prognosis. Only 17 of 71 cases of symptomatic ARE were managed with surgery in our series, which grossly underestimates the incidence of clinically relevant ARE that often requires multiple months of steroid therapy with its attendant side effects. Our findings differ substantially from those of other authors who have evaluated necrosis risk in non-AVM patients based on SRS dose-volume parameters. 3, 8, 9 Korytko et al. reported much higher risk of necrosis in 105 brain metastases treated with Gamma Knife SRS than we observed (Table 7) ; their incidence of symptomatic necrosis was 24%, 33%, 57%, and 55% for 12-Gy volume 0-4.99, 5-9.99, 10-14.99, and ≥ 15 cm 3 , respectively; adding cases of asymptomatic necrosis, the corresponding rates were 39%, 42%, 57%, and 82%. 8 We had only 4%, 15%, 16%, and 11% risk of ARE and 8%, 28%, 39%, and 23% risk of worst-case ARE for the same 12-Gy volume ranges. Minniti et al. found that 10-and 12-Gy volumes were the most predictive parameters for radionecrosis after linear accelerator-based SRS for 310 brain metastases using a 1-to 2-mm margin around gross tumor.
9 Table 7 compares their results with our incidence of ARE, ARE ± failure, and worst-case ARE for the same 10-Gy and 12-Gy volume strata, showing fairly good agreement except that Minniti et al. reported a 47% risk of necrosis for 10-Gy volume > 12.6 cm 3 or 12-Gy volume > 10.9 cm 3 as opposed to our 12%-13% risk of clear ARE, 23% risk of ARE ± failure, and 27%-28% risk of worst-case ARE for corresponding volumes. Although our experience with larger volumes is limited, we did have 74, 119, and 136 brain metastases in Table 7 's highest-risk subgroups, compared with approximately 77-78 brain metastases per stratum in Minniti et al.'s series.
Flickinger et al. modeled risk of symptomatic complications after radiosurgery for AVMs versus 12-Gy volume for 11 different brain locations based on 85 patients with complications and 337 control patients. 4 Their graphs indicate ~ 2%-42% risk for < 1-cm 3 12-Gy volume and ~ 2%-52% risk for ~ 7-cm 3 12-Gy volume, depending on brain location. In the 3-7-cm 3 12-Gy volume range, our risk of symptomatic ARE was 11% as opposed to the AVM modeled risk of ~ 0% for frontal lobe, ~ 5% for occipital lobe, ~ 15% risk for thalamus, and ~ 50% risk for pons/midbrain. We did not see significant differences in risk of ARE based on hemispheric versus deep brain location. Compared with the AVM experience, our brain metastasis patients appeared to have higher risk of ARE for hemispheric locations but lower risk for brainstem locations. We speculate that brain tissue response to tumor and tumor cell death after SRS may increase risk of ARE in brain metastasis patients compared with AVM patients and that the lower risk of ARE after SRS for brainstem metastases may be explained by our fairly conservative dosing for metastases in this location. Furthermore, func- tional reorganization could have contributed to the lower complication rate for hemispheric AVMs compared with hemispheric brain metastases.
The selection bias of requiring at least 3 months of imaging follow-up in our series may have modestly increased the apparent probability of ARE by not diluting the denominator with lesions not followed long enough to develop ARE, which is a delayed event. Another limitation of our study is the inherent difficulty in distinguishing between ARE and tumor progression; we addressed this issue with rigorous re-review of serial imaging studies, and we created the indeterminate category to handle the 90 uncertain cases. The retrospective nature of the study could be perceived as a limitation, although it is our opinion that ARE versus failure is best evaluated in retrospect with consideration of the full clinical course, including review of serial imaging to check for sustained growth versus stability or improvement over time without further treatment, as most patients do not undergo surgery for pathological confirmation. We attempted to address our more limited experience with larger targets by providing subset analysis of brain metastases with target volume > 1.0 cm 3 , corresponding to a median maximum diameter of 2.1 cm.
Strengths of our analysis include the large size of the data set, allowing for meaningful multivariate analysis, and the rigorous re-review of serial follow-up imaging studies for consistent scoring by lesion of ARE, failure, or indeterminate cause of lesion worsening. We consider ARE and symptomatic ARE to be the most relevant endpoints, but for completeness, we also report risks of ARE ± failure and worst-case ARE including the indeterminate cases. We expect that worst-case ARE is a gross overestimate, as failure was twice as prevalent as ARE-overall and for each of the brain metastasis diameter subgroups shown in Fig. 3 .
The time course of ARE has not been described thoroughly in the literature previously for a large series of brain metastases treated with SRS. We found a wide range in the time of onset of ARE and in time to improvement of ARE, and at least 75% probability of improvement over time in conservatively managed ARE.
We also provide a first step in considering the possible influence of systemic therapy on risk of ARE by evaluating cytotoxic, inhibitor, and antibody therapy within 1 month of SRS. With the exception of capecitabine, systemic therapy within 1 month of SRS did not appear to increase the risk of ARE on univariate or multivariate analysis, and neither did hypertension or diabetes. History of connective tissue disorder was not associated with risk of ARE overall, but it was significant on multivariate analysis for targets > 1.0 cm 3 , with a modest HR of 1.386 and 95% CI 1.022-1.880, suggesting that connective tissue disorder should not be a contraindication for SRS.
It is common practice to prescribe lower doses for larger brain metastases treated with SRS to mitigate the known risk of ARE; we hypothesize that this practice explains the leveling off of ARE risk in our series for brain metastases with a maximum diameter in the range of 2.1-5.1 cm. Target volume, prescription isodose volume, 12-Gy volume, and 10-Gy volume were each significantly associated with risk of ARE, and no single one of these parameters stood out as being a best predictor. A future analysis of freedom from progression is planned to inform treatment selection and SRS dose prescription, taking into account the competing risks of failure and ARE.
conclusions
The incidence, time course, and risk factors for ARE after SRS were studied in 2200 brain metastases and 435 patients with at least 3 months of imaging follow-up. By lesion, the median time to ARE was 7.2 months, 85% of cases occurred 3-18 months after SRS, and the probabilities of imaging improvement were 40%, 57%, and 76% at 6, 12, and 18 months after onset of ARE. The 1-year probabilities of symptomatic ARE were 3% after SRS alone, 4% for SRS given after previous WBRT, 8% after SRS combined with WBRT, and 20% after repeat SRS to same lesions. Excluding cases of repeat SRS, the 1-year probabilities of symptomatic ARE increased rapidly with target and treatment volume but leveled off at 13%-14% for brain metastasis maximum diameter > 2.1 cm, target volume > 1.2 cm No single volume or dose-volume parameter stood out as being a best predictor of ARE. Risk estimates are reported by lesion and treatment parameter strata to aid in decision making and patient counseling. references
